To determine threshold values, sensitivity and specificity of the spectral edge frequency (SEF) of the electroencephalogram (EEG) that indicate intraoperative movements, we studied 49 patients undergoing elective laparotomy. Extradural analgesia was used in all patients. To maintain general anaesthesia, patients in group 1 (n : 23) received 0.4-1.2 vol % isoflurane and patients in group 2 (n : 24) propofol 3-5 mg kg 91 h 91 i.v. During operation and emergence from anaesthesia, spontaneous purposeful movements were documented. The EEG was recorded continuously in the awake state until the end of anaesthesia. Power spectral analysis calculated the SEF and power in the delta, theta, alpha and beta bands and the delta ratio. Adequate anaesthesia caused a statistically significant decrease in SEF from 16 to 12 Hz. Power in the beta band decreased and power in the theta band and total power increased compared with the awake state. Before and during movements observed in the intraoperative period or during emergence from general anaesthesia, SEF increased from 12 to 18 Hz, the power in beta band increased and theta power decreased compared with the state of adequate anaesthesia. A threshold value of SEF 14 Hz to predict movements during anaesthesia had a sensitivity of 72 % and specificity of 82 %. (Br. J. Anaesth. 1996; 77: 179-184) Key words Anaesthetics i.v., propofol. Anaesthetics volatile, isoflurane. Brain, electroencephalography. Monitoring, electroencephalography. Anaesthesia, depth. Memory.
Many general anaesthetics change the spontaneous activity of the electroencephalogram (EEG) from low voltage fast wave to high voltage slow wave patterns progressively with increasing serum or endexpiratory concentrations. Burst suppression patterns may occur at very high doses of some general anaesthetics [1] . With power spectral analysis of the EEG signal, single variables could be derived from the native EEG, such as spectral edge frequencies (SEF), for example SEF 95, SEF 90, SEF 50 : median frequency [2, 3] ; the spectral edge frequency is the frequency below which 95 %, 90 % or 50 %, respectively, of the total EEG power is located. SEF 95, 90 and median frequency (SEF 50) are reduced with increasing serum or end-tidal concentrations of many general anaesthetics or opioid analgesics [4] [5] [6] [7] [8] [9] [10] [11] . Furthermore, it has been suggested that SEF may be used to measure depth of anaesthesia and indicate arousal during emergence from general anaesthesia [12] [13] [14] . Nevertheless, SEF has not been used to monitor depth of anaesthesia in routine clinical practice. In this study, we have determined threshold values, sensitivity and specificity of the SEF that indicate intraoperative movements during general anaesthesia with isoflurane or propofol.
Patients and methods
After obtained Institutional Ethics Committee approval and informed consent, we studied 47 patients, aged 21-79 yr, ASA grades I and II, undergoing elective gynaecological or urological laparotomy. After oral premedication with a benzodiazepine (clorazepate dipotassium 20 mg) 45-60 min before anaesthesia, continuous electrocardiograph electrodes (ECG) and an i.v. catheter were inserted, and a continuous extradural block was performed at L3-4 or L4-5. Using 0.5 % bupivacaine, the anaesthetic level was maintained at T4-5. Patients were allocated randomly to one of two groups (group 1, n : 23; group 2, n : 24). I.v. general anaesthesia was induced in group 1 with thiopentone 5 mg kg 91 and in group 2 with propofol 2 mg kg
91
. After induction of general anaesthesia and loss of consciousness (no response to verbal commands, loss of eyelid reflex), the patient's lungs were ventilated with 100 % oxygen via a face mask. Vecuronium 0.1 mg kg 91 was given for neuromuscular block, the trachea was intubated and the lungs ventilated with 50 % nitrous oxide in oxygen. No other neuromuscular blockers were used. To maintain general anaesthesia, patients in group 1 received 0.4-1.2 vol % isoflurane and patients in group 2 propofol 3-5 mg kg 91 h 91 i.v. End-expiratory concentrations of isoflurane were monitored continuously with a multi-gas analyser (Capnomac Ultima, Datex Instrument Corporation, Helsinki, Finland). Heart rate (by a three-lead ECG), systemic arterial pressure (by an arterial cannula in the radial artery) and central venous pressure (by a central venous catheter in the internal jugular vein) were recorded continuously. Mean arterial pressure was maintained greater than 70 mm Hg. Body core temperature was measured by an oesophagel temperature probe and maintained greater than 35.5 ЊC using heated blankets and warmed infusions. Controlled ventilation was adjusted to maintain normocapnia (end-expiratory carbon dioxide concentration 4.8-5.3 kPa) and verified by intermittent arterial blood-gas analysis. Individual doses of anaesthetics were guided by clinical signs of adequate anaesthesia, that is changes in arterial pressure, heart rate, sweating and tear production. Light anaesthesia was indicated by the "pressure rate, sweating and tears" (PRST) score [15] . A PRST score greater than 2 or spontaneous movements of the patients was defined as indicative of light anaesthesia. Spontaneous purposeful movements of the head and limbs, eyeopening or other facial movements were documented. Whenever movements occurred, the dose of the anaesthetic was increased to induce a clinically adequate level of anaesthesia. To evaluate conscious recall of anaesthesia and surgery, the patients were asked after operation to remember explicitly anything perceived during anaesthesia.
To obtain two-channel recordings of the EEG, silver electrodes were placed at C3/C4 (positive) and mastoids on both sides A1/A2 (negative) against the forehead as common electrode (FPZ), according to the international 10-20 system. The impedance of all electrodes was maintained less than 3000 ⍀. A Cerebotrac 2500 (SRD Medical Ltd, Shorashim, Israel) was used to record, analyse and store the EEG signal. Bandpass filters were set at 1.5-30 Hz and amplifier sensitivity was 200 V. The automatic artefact rejection was active and line current frequency suppression was set at 50 Hz. On-line power spectral analysis was performed using fast Fourier transformation (FFT). Epoch length of EEG acquisition was 4 s. Power spectrum was displayed as density spectral array. Spectral edge frequency 90 (SEF 90 : the frequency below which 90 % of the EEG power is located) was calculated. Spectral bands of 0-4 Hz (delta) 4-8 Hz (theta), 8-13 Hz (alpha) and 13-30 Hz (beta) were analysed and the power of the spectral bands were calculated and expressed as percentage of total power. The delta ratio (ratio of power in the 8-30 Hz band to power in the 0-4 Hz band) was calculated. For off-line analysis, data were stored on a notebook computer (Compaq Ltd 25, Compaq Computer GmbH, München, Germany). Values for each of the derived variables were determined by averaging the data from 30 consecutive epochs. Where the value for an individual epoch was more than 2 SD from the mean it was omitted and replaced by an additional epoch. The EEG was recorded continuously on-line awake and during induction and maintenance of general anaesthesia until the end of anaesthesia, when the patients were extubated and had recovered from anaesthesia.
Results are presented as mean (SD). Cardiovascular variables and spontaneous movements were correlated by a time series analysis. For SEF 90 and the power bands beta, alpha, theta, delta and the delta ratio, the Wilcoxon test was used. Sensitivity (number of correctly predicted movements/total number of movements), specificity (number of correctly predicted situations of adequate anaesthesia/total number of situations of adequate anaesthesia) were calculated. Statistical significance was assumed if P : 0.05 after Bonferroni's correction for multiple comparisons.
Results
The two groups were comparable in age, sex distribution, weight, height, ASA physical status, type and dose of premedication, type of surgery, total time of surgery and anaesthesia, and total dose of bupivacaine (table 1) .
Systolic (SAP) and diastolic (DAP) arterial pressure and heart rate (HR) awake, during maintenance of anaesthesia and during emergence from anaesthesia are presented in table 2. There was no significant change in heart rate. SAP and DAP decreased slightly during maintenance of anaesthesia and returned to awake baseline values at the end of anaesthesia in both groups. Sixteen movements in group 1 and 20 movements in group 2 were observed during maintenance of anaesthesia. All patients in each group moved spontaneously during emergence from anaesthesia shortly before tracheal extubation. The trachea of all patients was extubated and the patient had regained consciousness during the study at the end of anaesthesia. There was no correlation between haemodynamic data and movements, in the intraoperative period or during emergence from anaesthesia. At the postoperative interview no patient had explicit recall of intraoperative events. Figure 1 shows the typical course of the power spectrum displayed as density spectral array and the spectral edge frequency awake, during induction and maintenance of general anaesthesia with isoflurane ( fig. 1A) and propofol (fig. 1B) , and during emergence from anaesthesia. With induction of general anaesthesia and during adequate general anaesthesia (no movement), in both patients SEF decreased from the awake baseline value of 18-20 Hz to 12-14 Hz. When a movement occurred during anaesthesia, SEF increased to the awake baseline value of 18-20 Hz. Deepening of general anaesthesia caused a decrease in SEF of 12-14 Hz. During emergence from general anaesthesia, SEF increased and at the end of anaesthesia shortly before extubation it returned to the awake baseline value of 18-20 Hz.
Mean SEF (Hz), total power (V 2 ) and relative power in the frequency bands, delta, theta, alpha, beta and the delta ratio (␣ ; ␤/␦) of the isoflurane and propofol groups awake, during maintenance of adequate general anaesthesia (no movement), before and during intraoperative spontaneous movements and during emergence from general anaesthesia are shown in table 3. Changes in SEF and the power bands were similar in both groups. Adequate anaesthesia caused a statistically significant decrease in SEF. Before and during intraoperative spontaneous movements in both groups there was a statistically significant increase in SEF compared with the state of adequate anaesthesia. The same was seen during emergence from general anaesthesia (statistically significant increase in SEF). Relative power in the beta band decreased during adequate anaesthesia and increased during intraoperative spontaneous movements and during emergence from general anaesthesia. Relative power in the theta band Figure 1 Typical course of the power spectrum displayed as density spectral array and the spectral edge frequency awake, during induction and maintenance of general anaesthesia with isoflurane (A) and propofol (B), and during emergence from anaesthesia. increased during adequate anaesthesia and decreased during intraoperative movements and emergence from anaesthesia in both groups. Relative power in the delta and alpha bands and the delta ratio did not change significantly during anaesthesia.
In table 4 are shown threshold values for SEF and the relative power in the delta, theta, alpha and beta bands, with their calculated sensitivities and specificities within and between groups to separate adequate anaesthesia (no movement) from intraoperative spontaneous movements. SEF of 14 Hz provided a sensitivity of 73 % and a specificity of 76 % in the isoflurane group, and a sensitivity of 70 % and a specificity of 88 % in the propofol group. Between groups a threshold value of SEF 14 Hz had a sensitivity of 72 % and a specificity of 82 % to separate adequate anaethesia (no movement) from intraoperative spontaneous movements.
Discussion
There was no correlation in our study between physiological signs of wakefulness (increase in heart rate and arterial pressure) and motor signs of wakefulness during a combination of extradural analgesia with bupivacaine and general anaesthesia with isoflurane or propofol. This observation may be explained by the extensive extradural block in all patients during surgery. It interfered with the cardiovascular variables by attenuating arterial pressure responses by sympathetic block. In this study we combined regional and general anaesthesia to minimize the effect of pain on the level of arousal. Furthermore, extensive spinal block was thought to inhibit reflex movements in response to pain, as intended by the spinal cord. This should facilitate the interpretation of patient movement, as intended by the cortex.
SEF decreased during general anaesthesia with isoflurane or propofol compared with the awake state. During intraoperative spontaneous movements and emergence from anaesthesia with isoflurane or propofol, SEF increased to near awake baseline values. Nevertheless, because of the range of overlap of SEF during adequate anaesthesia (no movement) and intraoperative spontaneous movements, sensitivity and specificity were only 70-88 % within and between groups.
Schwilden, Schüttler and Stoeckel used the median frequency of the EEG in volunteers to define depth of anaesthesia and to develop pharmacokinetic-pharmacodynamic models during i.v. anaesthesia. They found, during a threefold repetitive infusion of etomidate in volunteers, a correlation between median frequency and serum concentrations of the i.v. anaesthetic [8] . With increasing serum concentrations of etomidate, median frequency decreased from the awake baseline value of about 9 Hz to the anaesthetic value of approximately 2 Hz. With decreasing blood concentrations of etomidate, median frequency increased and returned to the awake value of approximately 8 Hz. A similar relation between median frequency and blood concentrations of i.v. anaesthetics was observed by Schwilden, Schüttler and Stoeckel [9] and Schüttler and colleagues during anaesthesia with methohexitone, propofol and ketamine [11, 16] . The awake median frequency in their studies was approximately 9 Hz, loss of consciousness occurred at about 5 Hz, the corneal reflex was absent at approximately 2 Hz and a burst suppression pattern occurred at about 1.5 Hz. The burst suppression patterns disappeared at median frequencies of approximately 1.8 Hz, the corneal reflex returned at approximately 2 Hz, responsiveness returned at approximately 5 Hz and orientation occurred at approximately 6-7 Hz. In one study, concentrations of isoflurane and nitrous oxide of 1.3 and 1.5 MAC, respectively, were associated with an EEG median frequency of less than 5 Hz and adequate intraoperative anaesthesia [10] . In this study median frequency was greater than 5 Hz, when subjects were conscious and responsive. Drummond and co-workers studied the processed EEG during general anaesthesia with isoflurane and during emergence from anaesthesia [12] . Most patients showed an increase in median frequency and SEF immediately before arousal compared with anaesthesia. Nevertheless, because of the range of overlap between anaesthesia and arousal, the sensitivity and specificity of median frequency and SEF in predicting arousal during anaesthesia was low, as in this study. They concluded that none of the EEG descriptors can serve as a completely reliable predictor of imminent arousal during anaesthesia.
Dwyer and co-workers found that the EEG could not predict depth of isoflurane anaesthesia [17] . They found that EEG activity and SEF decreased dose-dependently during anaesthesia with isoflurane. Nevertheless, the SEF of patients who moved purposefully in response to incision was 19.8 and did not differ from the SEF of 19.3 in patients who did not move. Memory of information presented during general anaesthesia did not correlate with values of any of the derived EEG variables. Response to commands in the intraoperative period was associated with lower anaesthetic concentrations of isoflurane, but there was no difference in the derived EEG variables between responders with an SEF of 22.1 and non-responders with an SEF of 21.3.
Unfortunately, there are no other clinical studies that have investigated the usefulness of the derived EEG variables, median frequency or SEF, in predicting intraoperative movements, arousal, awareness or memory formation for the commonly used anaesthetics. It seems that the typical clinical environment, in which multiple drugs are given and clinical end-points are not defined clearly, the success in determining depth of anaesthesia and predicting intraoperative movements and arousal with EEG variables is limited.
